Abstract-A dual-band dual-mode button antenna for body centric communications is presented. At the lower band, a spiral inverted-F antenna is designed with omnidirectional radiation pattern for on-body communication. At the upper band, the highorder mode of the inverted-F antenna is utilized together with a metal reflector to realize broadside radiation for off-body communication. For demonstration, a prototype is implemented. The measured peak gains on the phantom at the lower and upper bands are −0.6 and 4.3 dBi, respectively. The antenna operating on the phantom has measured efficiencies of 46.3% at the lower band and 69.3% at the upper band. The issue of specific absorption rate (SAR) is studied. The maximum transmitted power under the SAR regulation of 1.6 W/kg is found to be 26.4 dB·m, which is high enough for body centric communications. In addition, the transmission performance between two proposed antennas mounted on the body is investigated by measuring the transmission loss. With an overall miniaturized size, the robust button antenna could be integrated in clothes and be a potential candidate for wireless body area network applications.
I. INTRODUCTION

A
NTENNAS are necessary components in many biomedical systems [1] - [6] including Wireless Body Area Network (WBAN) [7] . In the context of body environment, the performance of antennas may be influenced by human tissues [8] , which may cause frequency shift and impedance mismatch due to its large permittivity. The reflection of the body might degrade radiation patterns and the absorption of the body would decrease the gain and efficiency of on-body antennas. Therefore, it's challenging to design robust compact on-body antennas with low specific absorption rate (SAR). H. Wong is with the State Key Laboratory of Millimeter Waves, City University of Hong Kong, Kowloon, Hong Kong SAR (e-mail: hang. wong@cityu.edu.hk).
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Digital Object Identifier 10.1109/TBCAS.2017. 2679048 Some methods have been adopted to design on-body antennas. A monopole antenna is designed in [9] for on-body ultrawideband (UWB) communications. Low-profile patch antennas are adopted in [10] , [11] , since they can be conformal to flexible textiles. Besides, patch antennas operating at the higher order mode [12] , [13] provide comparable performance to a monopole antenna. Recently, a magneto-electric (ME) dipole textile antenna and a half mode substrate integrated waveguide (SIW) structure are utilized for body-centric communications due to the wide bandwidth and low back lobe [14] , [15] . However, most of the above on-body antennas radiate directionally toward to the zenith direction of the body surface, which is suitable for an off-body link but not for an on-body link [16] . Moreover, most of the above on-body antennas are based on textile substrates. In this case, the textiles on the body would be crumpled and bent so that the resonant frequency, bandwidth and radiation performance of textile antennas will be affected [17] - [19] .
To solve this problem, clothing accessories such as buttons are employed to design on-body antennas, instead of using textile substrates. The rigid button antenna is immune to the crumpling and bending [20] and simple to be attached on clothes by using traditional sewing. Separated from human tissues, button antennas also result in SAR reduction. In [21] , a button-shaped radio frequency identification (RFID) antenna using 3D printing technology obtains a miniaturized size, but demonstrates a single narrow band. Dual-band button antennas using top-loaded monopoles are proposed in [22] , [23] . However, the radiation patterns at the two operating bands are both omnidirectional, which is only suitable for on-body communications.
In this paper, we propose a dual-band dual-mode button antenna for body centric communications. The proposed antenna is mainly composed of a compact spiral inverted-F radiator and a metal flange. The fundamental and higher-order resonant modes of the radiator are used to realize dual-band performance. Unlike the button antennas in [20] , [22] and [23] with only one omnidirectional radiation mode, the proposed antenna has omnidirectional radiation pattern at the lower band of 2.45 GHz for on-body communication and broadside radiation pattern at the higher band around 5.8 GHz for off-body communication.
The SAR analysis and the transmission performance of the antenna are also given. Section II introduces the geometry, clarifies the mechanism of the proposed antenna and demonstrates the optimization on a homogeneous phantom. Simulation and measurement results including the SAR analysis are discussed in Section III. On-body and off-body transmission characteristics are analyzed in Section IV. Finally, Section V concludes the study.
II. ANTENNA DESIGN
This section presents the geometry of the proposed dual-band dual-mode button antenna and the radiation modes for on-body and off-body communications. The mechanism of the proposed antenna is clarified by analyzing the current and electric-field distributions. The optimization on a homogeneous phantom is also discussed in order to simulate the practical on-body application environments. Fig. 1(a) shows the perspective view of the proposed button antenna which can be integrated with clothes. This antenna consists of a spiral line including a long part (l 1 ) and a short part (l 2 ), a feeding stub (l 3 ), a metal ring, a metal flange and a ground coplanar waveguide (GCPW) feeding. As shown in Fig. 1(b) , the feeding stub and the spiral line are printed on the top layer of a circular Rogers 4003 substrate with a permittivity of 3.55, a loss tangent of 0.0027 and a thickness of 1.524 mm. Two shorting vias are loaded at the ends of the feeding stub and spiral line. The metal ring is printed at the bottom layer of the substrate. Fig. 1(c) shows the geometry of the rigid metal flange which can avoid the bending and crumping effect. With an inverted Tshaped cross section, the metal flange has a small disc at the top and a large disc at the bottom. The radiator is put on the small disc and the height of the flange determines the distance between the radiator and large disc. Since the radiator is asymmetrical, the current on it is also asymmetrical. If the small disc is put at the center above the bottom disc, it will cause asymmetric electric field distribution on the ground, leading to uneven SAR distribution. To overcome this problem, the small disc has an offset (l 4 ) away from the center of the bottom large disc. A hole is drilled through the flange for coaxial feeding.
A. Antenna Geometry
The GCPW feeding printed on a Rogers 4003 laminate with a thickness of 0.305 mm is placed on the backside of the flange. As shown in Fig. 1(d) , at the end of the GCPW, a transition transforms the GCPW feeding to the coaxial feeding with the characteristic impedance of 50 Ω. The coaxial feeding comprises a copper pin which passes through the hole of the metal flange to the feeding point and a Teflon dielectric insulator filled in the hole. It is noted that the GCPW is used for SAR measurement. In practical applications, the coaxial feeding can be directly used without the GCPW.
B. Radiation Modes for On-Body and Off-Body Applications
The proposed antenna generates two radiation modes to support both on-body and off-body communications simultaneously and independently. Thus, one frequency band with a specific radiation mode is chosen for on-body case and the other for off-body case. At the lower band, an inverted-F antenna realizes omnidirectional radiation pattern. Since the omnidirectional pattern for button antenna on the body means maximum radiation along the body surface, which suppresses the unwanted radiation away from the body. On the other hand, lower frequency features a better capacity to overcome the shadow fading due to its longer wavelength and stronger diffraction. Thus, the omnidirectional pattern at the lower frequency can provide a reliable coverage for on-body communication. And at the upper band, a higher order mode of the inverted-F antenna is utilized together with a metal reflector to obtain broadside radiation pattern. When the antenna is put on clothes, the broadside pattern indicates that the power is radiated far away from the body and the back lobe is reduced. And with a wide beam, the broadside pattern can cover a wide range. Thus, it is suitable for off-body propagation and the SAR reduction. The current and electric-field distributions are used to clarify the mechanism. Fig. 2(a) shows the simulated current distribution at 2.45 GHz, which mainly flows along the current path A-C-D-E. It indicates the antenna operates in 1/4 wavelength resonance mode. Between the spiral line and the large disc, the amplitude of electric field is high, implying that the latter one functions as the ground plane of the inverted-F antenna. These current and electric-field distributions are similar with those of an inverted-F antenna and result in a monopole-like omnidirectional radiation pattern. Fig. 2(b) shows that the current at 5.8 GHz mainly flows along the current path B-C-D-E. The 3/4 wavelength resonance mode is excited, which can be verified by the current distribution and a current null on the spiral line. The electric field between the spiral line and the small disc is in high amplitude. Meanwhile, there is nearly no current on the large disc of the flange. Therefore, the small disk functions as the ground plane for the radiator. And the large disc acts as a reflector at the upper band, resulting in the broadside directional pattern.
According to the current distributions, the resonant frequencies mainly depend on the inner edges of the spiral line including the long part l 1 and short part l 2 . Fig. 3 demonstrates the influence of the length l 1 , and l 2 on the lower (f L ) and higher (f H ) resonant frequencies. As shown in Fig. 3(a) , f L and f H are inversely proportional to the length of l 1 . Since the long part l 1 contributes to the resonance in 1/4 wavelength mode at f L and 3/4 wavelength mode at f H , the length of l 1 has approximately the same effect on f L and f H . As shown in Fig. 3(b) , f H is more sensitive to the length of l 2 than f L . This is because the part l 2 contributes only to the 3/4 wavelength mode at f H but not to the 1/4 wavelength mode at f L . For frequency control, we can firstly tune l 1 to get the desired f L and then adjust l 2 to obtain the required f H with little impact on f L . And this frequency control method also provides a design guideline to compensate the frequency shift of the proposed antenna caused by the human body loading.
C. Optimization on a Body Phantom
In the above discussion, the antenna is put in free space. However, the proposed button antenna needs to operate on the human body in practical applications. Consequently, it is necessary to optimize the antenna on the body phantom. The simulation is performed by CST Microwave Suite. A homogeneous phantom is used for simulating the on-body situation, which has a dielectric property of ε r = 52.7, σ = 1.95 S/m at 2.45 GHz and ε r = 48.2, σ = 6.00 S/m at 5.8 GHz [24] . Taking the simulation time and accuracy into consideration, the dimension of the homogeneous phantom is 200 × 130 × 80 mm 3 (1.63 λ 0 × 1.06 λ 0 × 0.65 λ 0 , where λ 0 is the wavelength in free space at 2.45 GHz). The proposed button antenna is placed above the center of the phantom with a 2 mm gap, which is around the thickness of clothes. Fig. 4 depicts the simulated reflection coefficients of the proposed button antenna. In free space, good impedance matching is obtained in both two bands. When the proposed antenna is placed on the phantom, the matching at the lower band becomes poor due to the tissue loading and reflection effect. The responses at the upper band are nearly kept unchanged, which is due to the better shield of the ground in the upper band. Then, by tuning the height h 1 of the flange and the radius r 2 of shorting pin, good matching at two bands can be obtained as illustrated in Fig. 4 . The optimized dimensions are listed in the caption of Fig. 1 .
III. MEASUREMENT RESULTS
To validate the proposed design, the fabricated antenna depicted in Fig. 5 is measured with a liquid homogeneous phantom and a solid hand phantom [25] using Agilent Technologies E5071C vector network analyzer (VNA) and the Satimo StarLab system. We conducted the SAR analysis with the Aprel SAR testing system. Fig. 6 shows the simulated and measured reflection coefficients of the proposed button antenna in free space and on the homogeneous phantom. Measured results on the homogeneous phantom are similar to the simulated ones. For the reflection coefficient lower than −10 dB, the proposed antenna measured on the phantom still covers the desired frequencies. The measured results at the upper band are nearly the same with and without the phantom, which is due to the shield of the large disc at the bottom of the flange. Fig. 7 illustrates the measurement setup with a simplified rectangular homogeneous phantom as the abdomen and chest of the body and a hand phantom. Fig. 8 shows the simulated and measured radiation patterns in free space. Omnidirectional and broadside radiation patterns are achieved at the lower and upper bands, respectively. At the lower band, the measured cross polarization levels in the x-y plane are 5.8-17.8 dB lower than the co-polarization ones. At the higher band, the cross polarization level at the +z axis in the x-z plane is measured to be 9.8 dB lower than the co-polarization one. Fig. 9 shows the measured radiation patterns on the homogeneous phantom and on the hand phantom. Due to the reflection and absorption effect of the phantom, back lobes are reduced at both bands. As illustrated in Fig. 9 , omnidirectional patterns at the lower band are maintained on the phantom and the antenna also has the broadside radiation pattern normal to the phantom at the higher band. At the lower band, the measured cross polarization levels in the x-y plane are 6.2-35.3 dB lower than the co-polarization ones. At the higher band, the ratio of co-and cross-polarization levels at the +z axis in the x-z plane is around 9.6 dB.
A. Reflection Coefficient
B. Radiation Performance
Measured peak gains and efficiencies in free space and on the homogeneous phantom are given in Fig. 10 . The measured peak gains in free space are 1.0 and 6.4 dBi at lower and upper bands, respectively. As shown in Fig. 10(a) , when the proposed antenna operates on the phantom, the measured peak gains are −0.6 and 4.3 dBi at the lower and upper bands, respectively. As compared with the measured peak gains in free space, the ones on the phantom are degraded, which is mainly caused by the absorption loss of the phantom. As depicted in Fig. 10(b) , the measured peak efficiencies on the phantom are 46.3% and 69.3% at the lower and upper band, respectively.
C. SAR Analysis
For the on-body antenna design, specific absorption ratio (SAR) is an important factor for safety consideration. The SAR analysis is evaluated to comply with IEEE C95.1 standard for the human safety [26] . The setup for measurement is shown in Input power to the antenna is 100 mW. Fig. 11(a) . The gap between the proposed button antenna and the phantom is 2 mm, which is around the thickness of clothes. It is noted that if coaxial feeding is used without the GCPW, the gap will be much larger, which is not proper. Fig. 11(b) illustrates the SAR distribution averaged over 1 g of biological tissue in the x-y plane at 2.45 GHz. The simulated and measured SAR values averaged over 1 and 10 g of biological tissue are shown in Table I . With an input power of 20 dBm, the measured Omni-/Omni- [20] 0.33λ 0 × 0.25λ 0 0.11 λ 0 Omni-/Omni- [21] 0 
D. Comparison With Other Button Antennas
The proposed design is compared with some previous button antennas as tabulated in Table II . It can be seen that the implemented antenna has smaller size than the others. Unlike the previous button antennas with only one omnidirectional radiation mode for on-body application, this work realizes omnidirectional radiation pattern at the lower band and broadside radiation pattern at the upper band, which is suitable for both on-body and off-body communications.
IV. ON-BODY AND OFF-BODY TRANSMISSION
For practical body-centric communications, it is necessary to study the transmission properties when the antennas are mounted on body. We measured and analyzed the transmission loss for the on-body and off-body communications. In the measurement, the ports of the two identical button antennas are connected to the VNA ports. The transmission losses are evaluated by measuring |S 21 |.
A. On-Body
The button antennas may be mounted on different parts of the torso and thus it is necessary to evaluate the corresponding transmission properties. In the on-body measurement, one button antenna is placed on the chest. The locations of the other antenna are the abdomen, wrist, shoulder, leg, hip and back. Both the line of sight (LOS) and non-line of sight (NLOS) environments are taken into account. Fig. 12(a) illustrates the case for measuring the LOS transmission loss from chest to abdomen. Multiple measurements are performed with multiple slightly different separations to statistically evaluate the propagation characteristics. Fig. 13 depicts the measured transmission losses when the antennas are on various locations with different separations. As observed, with multiple slightly different separations, the variation of the on-body propagation loss at the lower band is slight. Moreover, the path loss at the lower band is smaller than that at the higher band. Thus, the two button antennas provide a more reliable link at the lower band, which is suitable for on-body communications. In LOS environment, the transmission losses at the lower band are around 30-45 dB, whereas in NLOS environment, they are around 43-53 dB. These results are useful for the link budget.
B. Off-Body
As for the off-body transmission loss, the evaluation is done not only statistically but also in different scenarios including face-to-face, face-to-side, face-to-back and back-to-back cases. Fig. 12(b) shows the face-to-back case. Fig. 14 illustrates the measured transmission losses in different scenarios. It is seen that path losses at higher band for off-body communications are different with various distances and the alignment of the radiation patterns. The transmission losses at the higher band are around 40-55 dB in the face-to-face and face-to-side cases in the multipath indoor environment. And they are around 55-65 dB in the face-to-back and back-to-back cases. These results can be used for the link budget evaluation. Limited by the SAR regulation [26] , the maximum input power of the proposed antenna can be up to 24.4 dBm. Assuming that the receiver sensitivity is −75 dBm [27] , [28] , then the maximum link loss of 99.4 dB is acceptable. Thus, the off-body link at the higher band with the loss of 40-65 dB is quite reliable even if the proposed antennas are used in the back-to-back case.
To investigate the application of the antennas in off-body communications, the link budget needs to be analyzed for calculating the maximum coverage range. Under the condition of good impedance matching and polarization matching, a link budget equation in logarithm is given as [29] P rx (dBm) = P tx (dBm) + G tx (dB) + G rx (dB)
where P rx and P tx are the received power and transmitted power, respectively. G tx and G rx are the transmitting and receiving antenna gains, respectively. PLoss is the log-distance path loss as a function of separation distance with the multi-path fading taken into account, which can be calculated by the method in [29] . It is assumed that the separation distance in the face-to-face case is 40 m [2] and the P tx is 10 dBm. According to the method in [29] , the indoor PLoss is calculated to be 96 dB. Based on the (1), the received power is calculated to be −75 dBm, which is the receiver sensitivity mentioned above. Therefore, the proposed button antennas can ensure a reliable off-body link with the distance less than 40 m, which is long enough for WBAN applications.
V. CONCLUSION
A dual-band dual-mode button antenna and the corresponding body-centric transmission have been investigated. Current and electric-field distributions have been adopted to clarify the mechanism of the proposed antenna. The performance has been evaluated in free space, on the liquid homogeneous phantom and on the solid hand phantom. With a miniature overall size of 36 × 36 × 9.5 mm 3 (0.30 × 0.30 × 0.08 λ 3 0 ), the proposed button antenna working in the vicinity of the body phantom has obtained an omnidirectional pattern at the lower band and a broadside directional pattern at the upper band. The SAR is-sue has been studied. With the measured 1-g SAR limited by 1.6 W/kg, the maximum input power is 26.4 dBm (432.4 mW), which is high enough for body centric communications. The body-centric transmission analysis indicates that the proposed antenna is able to provide the on-body and off-body communications with reliable links. Without bending and crumpling effects like textile, the dual-band dual-mode button antenna can be easily integrated with clothes and is a good candidate for Wireless Body Area Network applications.
